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Abstract 
The purpose of this study was to quantify the functional role of compressive characteristics of shoe sole by 
combining a finite-truss-element shoe sole model and the equation of whole-body motion. The equation of the shoe 
sole deformation was developed by modeling shoe sole as a construction of truss elements that have nonlinear spring 
and damper. The properties of the spring and damper were identified from impact test by using an impact device 
containing an accelerometer and an arm with impactor. The equation of whole-body motion was derived by modeling 
the human body as a system of 15-rigid linked segments. Dynamic contributions of the support leg joint torques, 
which were caused by the elastic and viscous forces on the shoe sole, to the generation of whole-body CG’s 
acceleration were calculated under constant running speed condition. A fore/mid foot contact type runner participated 
as subject. The results in this study indicate that 1) the ankle joint torque caused by the elastic property of the forepart 
of shoes sole contributes to the acceleration of whole-body CG, and 2) the knee joint torque caused by the viscous 
property of shoe sole shows negative contribution to the body support but shows positive contribution to the 
propulsion.
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
Shoe sole is the only interface to transmit ground reaction forces to the lower extremities of runners, 
and thus the sole is required to have some functions, such as shock-absorbing, cushioning, stability, 
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flexibility and so on. Since deformation properties of shoe sole must be strongly correlated with these 
functions, finite element analyses have been reported with respect to the relationship between sole 
property and human responses [1, 2]. However, there have been almost no studies which deal with 
dynamic contribution of joint torques, which are connected with elastic and viscous components of acting 
force on the sole, to the body propulsion and support based on multi-body dynamics.  
The objectives of this study were (i) to construct a shoe sole model to quantify visco-elastic 
characteristics of sole, (ii) to combine the shoe sole model with the equation of whole-body motion by 
using pressure distribution on the sole, (iii) to divide the force acting on the sole into elastic and viscous 
components, and (iv) to quantify the functional role of joint torques caused by the elastic and viscous 
force components on the sole. 
2. Method 
2.1. Shoe sole model 
Figure 1 shows the finite truss element models of shoe sole. Fig.1(a) shows an elemental truss model 
with spring in parallel to dash-pot. Fig.1(b) shows a cubic truss model consisting of the elemental truss 
models. Fig.1(c) illustrates an overview of the sole model consisting of the cubic truss models. The sole 
was divided into 4 regions (A, B, C and D) to deal with local differences of the sole structure. 
2.2. Compressive characteristics of shoe sole 
The force acting on the bounded nodes of the i-th truss element was set as 
i i i i if K u C u                                                                                                               (1)
where ui denotes the vector consisting of displacement vectors of the both node points of the i-th truss 
element,  Ki and Ci indicate coefficient matrices of stiffness and damping of the element. 
In order to consider nonlinearity of the spring and damper in addition to linearity, the mechanical 
properties of the element, k and c, are set as sum of constant term and length dependent term as follows: 
0 1k k k l  i                                                                                                             (2)
10.16mm
10.16mm
Spring Dash-pot
(a)
(b) (c)
ABCD
D C B A
Fig. 1. FE models of shoe sole: (a) Truss element model; (b) Cubic truss model; (c) overview of sole model 
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0 1c c c l  i                                                                                                                                                         (3)
where li denotes the length of the i-th truss element. 
Combining eq.(1) with respect to every element yields the generalized form of visco-elastic equation 
of shoe sole deformation as follows. 
SH SH SH SHPF K U C U                                                                                                                      (4) 
where FP denotes the vector consisting of force vectors acting every nodes,  KSH and CSH indicate 
generalized coefficients matrices of stiffness and damping of the sole structure. 
2.3. Identification of visco-elastic parameters of shoe sole 
First, impact tests were carried out to obtain force response information under three initial impact 
velocity conditions for each region of sole. Figure 2 shows the device consisting of an aluminum straight 
bar and an impactor used in the impact test. The impactor is attached to the distal end of the bar, and the 
bar rotates around the revolute joint settled on the base frame. An accelerometer, attached on the arm to 
measure vertical acceleration, was used to estimate impact force responses during contact. The estimated 
impact force was calculated as the product of the acceleration measured by the accelerometer and the 
effective mass obtained from the equation of impact device motion. 
Next, impact simulations were carried out to identify the visco-elastic parameters of shoe sole by using 
equation of rotational motion of the impact test device and the equation (4). The parameters in each 
region were determined to minimize the differences of time responses between calculated forces and 
measured forces of the impact test for the three initial impact velocity conditions. 
2.4. Calculation of joint torque contribution 
The equation of motion of whole-body, which is modeled as 15 rigid segments, can be expressed in a 
matrix form as shown by 
T V GV A T A A G                                                                                                           (5)
where V denotes generalized velocity vector consisting of translational and angular velocity vectors of all 
segments of the system, T denotes joint torque vector, G denotes gravity vector, AT is the coefficient 
matrix of the vector T, AV is the vector of the motion-dependent terms, and AG is the coefficient matrix of 
gravity[3]. 
The whole-body CG acceleration can be obtained by using the matrix S which transforms the 
generalized acceleration vector into the whole-body CG acceleration [3]. 
Accelerometer
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Fig. 2. Impact test device
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cg,bodya SV                                                                                                                                  (6)
The joint torque vector of support leg TSup,Leg can be approximated using force vectors exerting on the 
nodes in the top surface of the shoe sole. 
Sup,Leg
T
P PT J F                                                                                                                                (7)
Substituting eqs.(4), (5), and (7) into eq.(6) yields the contribution of support leg joint torques to the 
generation of whole-body CG’s acceleration. 
cg,body ,Sup,Leg SH SH ,Sup,Leg SH SH
T T
T P T Pa SA J K U SA J C U                                                                            (8)
where the first term on the right hand side of eq.(8) denotes the contribution of joint torque caused by 
elastic force component of shoe sole to the generation of body CG’s acceleration, and the second term 
denotes the contribution of joint torque caused by viscous force component. 
2.5. Motion analysis 
A fore/mid foot contact type runner was asked to run 5 m/s. Reflective markers were placed on the 
subject, and 3-dimentional coordinate data was captured with a VICON MX (Vicon Motion Systems, 
250Hz, 12-camera) during the support phase of running. Ground reaction forces (GRF) and plantar foot 
pressure distribution were simultaneously measured with a force platform (Kistler, 1000Hz) and pressure 
distribution measurement system (F-Scan, 500Hz).  
The components of the matrices and vector, such as AT, AG and AV in eq.(5), were calculated using 
kinematics variables obtained from the motion data. The components of joint torque vector T, except for 
support leg joint torques, were calculated using inverse dynamics. 
3. Results and Discussion 
Figure 3 shows time responses of measured forces of the impact test and estimated forces of the impact 
simulation performed after identification of the visco-elastic parameters. These force responses show 
good agreement with each other under the conditions.  
Figure 4 shows estimated vertical and horizontal components of elastic and viscous forces acting on 
each shoe sole region during support phase. The vertical components of elastic and viscous forces in 
regions A and B showed small values because the subject of this study was a mid/fore foot striker.  In the  
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Fig. 3. Force responses under initial arm angle conditions with use of identified visco-elastic parameters
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Fig. 4. Time responses of estimated vertical and horizontal components of elastic and viscous forces acting on the shoe sole regions
during stance phase: (a) vertical components of elastic force; (b) horizontal components of elastic force; (c) vertical components of 
viscous force; (d) horizontal components of viscous force 
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Fig. 5. Contributions of joint torques caused by elastic and viscous forces of shoe sole to the generation of whole-body CG’s 
acceleration: (a) vertical acceleration by elastic force; (b) horizontal acceleration by elastic force; (c) vertical acceleration by viscous 
force; (d) horizontal acceleration by viscous force
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region C, the peak elastic force was the second largest one, and it occurred at the middle of support phase. 
In the region D, the peak elastic force showed the largest values in the latter half of support phase. 
Meanwhile, the viscous forces showed negative values in the latter half of support phase. 
Figures 5 shows the joint torque contribution to the generation of vertical and horizontal accelerations 
of whole-body CG caused by elastic and viscous forces of shoe sole. Knee joint torque caused by the 
elastic shoe sole force is one of the largest positive contributor to the vertical CG acceleration and the 
largest negative contributor to the horizontal CG acceleration. On the other hand, knee joint torque caused 
by the viscous shoe sole force is the largest negative contributor to the vertical CG acceleration and the 
largest positive contributor to the horizontal CG acceleration. Ankle joint torque caused by the elastic 
shoe sole force is the greatest positive contributor to vertical and horizontal acceleration of whole-body 
CG. Meanwhile, ankle joint torque caused by the viscous shoe sole force is small contributor to the 
acceleration of whole-body CG. 
4. Conclusions 
The conclusions of this study are summarized as follows: 
1. Precise estimation of time histories of force responses on shoe sole can be realized by considering 
nonlinearity of stiffness and damping structure of sole under various load conditions. 
2. The ankle joint torque caused by the elastic property of the forepart of shoe sole contributes to the 
body propulsion and support. 
3. The knee joint torque caused by the viscous property of shoe sole shows negative contribution to the 
body support but shows positive contribution to the body propulsion. 
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